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FUEL CELL SYSTEM BACK-PRESSURE CONTROL 
WITH A DISCRETE VALVE 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0001] This invention relates generally to a fuel cell system 
employing back-pressure control and, more particularly, to a fuel cell system that 
employs a discrete two-position valve at the cathode exhaust of the system fuel 
cell stack to control stack pressure and relative humidity. 

2. Discussion of the Related Art 

[0002] Hydrogen is a very attractive fuel because it is clean and can 
be used to efficiently produce electricity in a fuel cell. The automotive industry 
expends significant resources in the development of hydrogen fuel cells as a 
source of power for vehicles. Such vehicles would be more efficient and 
generate fewer emissions than today's vehicles employing internal combustion 
engines. 

[0003] A hydrogen fuel cell is an electro-chemical device that 
includes an anode and a cathode with an electrolyte therebetween. The anode 
receives hydrogen gas and the cathode receives oxygen or air. The hydrogen 
gas is disassociated in the anode to generate free hydrogen protons and 
electrons. The hydrogen protons pass through the electrolyte to the cathode. 
The hydrogen protons react with the oxygen and the electrons in the cathode to 
generate water. The electrodes from the anode cannot pass through the 
electrolyte, and thus are directed through a load to perform work before being 
sent to the cathode. The work acts to operate the vehicle. 

[0004] Proton exchange membrane fuel cells (PEMFC) are a 
popular fuel cell for vehicles. The PEMFC generally includes a solid polymer 
electrolyte proton conducting membrane, such as a perflurosulfonic acid 
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membrane. The anode and cathode typically include finely divided catalytic 
particles, usually platinum (Pt), supported on carbon particles and mixed with an 
ionomer. The combination of the anode, cathode and membrane define a 
membrane electrode assembly (MEA). MEAs are relatively expensive to 
manufacture and require certain conditions for effective operation. These 
conditions include proper water management and humidification, and control of 
catalyst poisoning constituents, such as carbon monoxide (CO). 

[0005] Fuel cells are typically combined in a fuel cell stack to 

generate the desired power. The fuel cell stack receives the cathode input gas 
as a flow of air, typically forced through the stack by a compressor. Not all of the 
oxygen in the air is consumed by the stack and some of the air is output as a 
cathode exhaust gas that may include water as a by-product. 

[0006] The humidity or wetness of the membranes in a fuel cell 
stack is an important design criteria for effective stack operation. Too much 
water within the stack acts to prevent the oxygen in the cathode input gas from 
reaching the catalyst on the cathodes. Too little water within the stack causes 
the stack membranes to dry out and become more susceptible to cracking and 
other damage. The more current that the stack generates, the more water is 
generated as a by-product of the electro-chemical process. However, the more 
air that is forced through the stack by the compressor to provide more current, 
the more the stack membranes dry out. Typically, the stack has a 1 1 0% relative 
humidity during its most efficient operation. For 110% relative humidity, the 
exhaust gas is saturated 100%, and also includes a little bit of excess water. 

[0007] Another factor that affects the stack relative humidity is stack 
temperature. As the stack temperature increases, the stack's ability to hold 
water in the vapor state also increases making it more difficult to maintain a 
desired stack relative humidity because more water is required to do so. Another 
factor that affects stack relative humidity is the stack pressure. As the pressure 
in the stack increases, the ability of the stack to hold water in the vapor state 
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decreases. Thus, one of the most commonly used techniques to control cathode 
relative humidity is to control the fuel cell system pressure and temperature. 

[0008] Fuel cell systems must reject waste heat. A fuel cell system 

will include a thermal coolant sub-system that removes heat from the stack so 
that it operates at its desired operating temperature. The heated coolant from 
the stack is directed to a radiator that reduces the temperature of the coolant so 
that it can be returned to the stack to remove the stack waste heat. The size of 
the radiator limits how much heat can be removed from the coolant. 

[0009] The amount of waste heat that the coolant sub-system can 
reject is directly proportional to the operating temperature of the fuel cell system. 
If the system is able to operate at a higher temperature, a smaller radiator can be 
employed to remove the heat, thus conserving space. Unfortunately, a higher 
operating temperature requires a higher system pressure to keep the stack 
relative humidity at the desired level. In other words, as the temperature of the 
stack rises, its ability to hold water increases, thus requiring more water to meet 
the desired relative humidity. The higher pressure cancels the effect of the 
higher temperature on relative humidity. At higher operating temperatures, 
however, the stack may not produce enough water to meet the required relative 
humidity. 

[0010] Because the size of the radiator is limited in a vehicle, a fuel 
cell system typically must operate at higher temperatures. Therefore, it becomes 
necessary to increase the pressure of the fuel cell stack so that more water is 
held therein to meet the desired relative humidity. However, high cathode 
pressures require larger amounts of compressor power, which results in a 
reduction in system efficiency. 

[0011] Two approaches are known in the art to control fuel cell 
system pressure. One known approach is to employ a fixed orifice at the 
cathode exhaust output. Particularly, for high temperature applications the 
cathode output orifice is sized to provide a sufficient back-pressure to meet the 
relative humidity requirements at a maximum system temperature. However, the 
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output orifice also causes high system pressure at low output power, and thus, 
the fuel cell system efficiency will suffer because of the higher compressor 
parasitic power. 

[0012] For low temperature applications, where the thermal sub- 
system size is not critical, the cathode output orifice is sized to provide a nearly 
zero pressure drop. This allows the fuel cell system to run with low compressor 
parasitic losses, and is therefore efficient over the entire operating range. 
However, this fuel cell system will be large as a result of the large radiator 
required to reject the low-grade heat. 

[0013] Modeling results have shown that a fixed orifice is capable of 

reducing the flow and pressure of the cathode exhaust gas without overloading 
the thermal sub-system. As a fuel cell power module decreases in flow and 
power, the amount of the waste heat the radiator has to dissipate will decrease. 
The amount of waste heat a radiator can dissipate is proportional to the 
temperature difference between the coolant and the ambient air. This value is 
often represented by Q/ITD, where Q is the waste heat and ITD is the initial 
temperature difference between the coolant and the air. Radiators are sized for 
a maximum Q/ITD at maximum power. Therefore, as the fuel cell turns down in 
flow and power, the waste heat requirement is lowered, which allows the 
operating temperature to be lowered. This allows the operating pressure to be 
lowered. 

[0014] Figure 1 is a graph with cathode input air flow on the 
horizontal axis and the required compressor pressure on the vertical axis 
showing the possible compressor delivery pressure for a fuel cell system 
employing only a fixed orifice to control system pressure. Graph line 40 shows 
the operation curve of the system for flow versus pressure for a high pressure 
drop at the fixed orifice, and graph line 42 shows the operation curve for flow 
versus pressure for a near zero pressure drop at the fixed output orifice. The fuel 
cell system will operate on one of the graph lines 40 or 42, regardless of the 
system operating temperature. The high pressure graph line 40 wastes energy 
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at part power conditions, and the low pressure graph line 42 can only meet 
humidity requirements at low temperatures. 

[0015] Another known approach is to use active cathode pressure 
control. This has been done in the past with high-resolution control valves. 
These high-resolution control valves offer many discrete valve open positions or 
an analog control where fluid flow through the valve can be set at any desirable 
location. The position of the valve is determined by the current operating 
temperature of the system and the amount of water that is being generated by 
the stack to provide a calculation of what pressure is necessary to provide a 
110% stack relative humidity. Further, it is necessary to provide a safety device 
that prevents the valve from failing in the closed position, which could cause 
catastrophic stack failure from high pressure. While this approach offers a good 
solution that attempts to optimize system efficiency over its entire operating 
range, the control valve and support software are high cost components. 
Further, in the majority of the operating conditions of a fuel cell system, this level 
of control is unnecessary. 

[0016] Figure 2 is a graph with cathode input air flow on the 

horizontal axis and the required compressor pressure on the vertical axis 
showing the possible compressor delivery pressures for a fuel cell system 
employing a high resolution back-pressure valve. Graph line 44 shows how the 
cathode pressure can be directly controlled independent of flow to provide the 
desired relative humidity. At a constant low temperature operation, the control 
valve is wide open so that the pressure drop at the cathode exhaust is near zero. 
As the flow increases, the system temperature increases, and the valve will be 
systematically closed to provide the desired fuel cell back-pressure to control the 
relative humidity. 

[0017] For fuel cell systems having a high resolution back-pressure 
control valve, the valve position is changed as a function of coolant temperature 
in order to maintain the desired relative humidity. However, the pressure drop 
across a fixed orifice is a function of the fluid velocity, fluid viscosity and orifice 
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shape. Because the orifice shape cannot be changed, the cathode pressure and 
flow rate cannot be independently controlled. If the fixed orifice is sized to meet 
the humidity requirements at the maximum temperature, maximum flow and 
maximum Q/ITD point, it will provide sufficient humidity control in turn down. The 
minimum pressure required to maintain the desired humidity is given by 
operating at the minimum temperature possible, while maintaining a maximum 
Q/ITD condition in turn down. This required pressure is less than the pressure 
provided by the pressure drop across a fixed orifice in turn down when sized at 
the maximum point. 

[0018] A system model was constructed where the maximum 
allowable Q/ITD was set at maximum power and flow. As the module turned 
down in flow and power, the coolant temperature was lowered only as much as 
possible without exceeding the maximum Q/ITD. The system back-pressure 
requirement was then calculated in order to meet the required humidity level. 
This gives a flow versus pressure drop curve that is required of the back- 
pressure valve in order not to exceed the maximum Q/ITD limit. Figure 3 is a 
graph with cathode input air flow on the horizontal axis and back-pressure valve 
pressure drop on the vertical axis, where graph line 46 shows this relationship. 

[0019] The model was re-run using a fixed area orifice for back- 
pressure control. The orifice was modeled based on a sharp edge orifice that 
was sized to meet the desired humidity at the maximum flow and temperature 
condition. The pressure drop through a sharp edge orifice is proportional to the 
square of the fluid velocity. Under this assumption, a flow versus pressure drop 
curve was generated for the system using the fixed area orifice, as shown by 
graph line 48 in figure 3. This modeling shows that the pressure drop for the 
fixed area orifice meets or exceeds the pressure drop requirements to achieve 
the desired humidity at steady state turn down points. The fixed area orifice will 
cause the fuel cell to be slightly over pressurized at part power conditions, which 
will give a slightly higher than optimal humidity. This will cause a slight system 
efficiency hit, but is not damaging to stack durability. If the fixed orifice pressure 
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drop was less than the pressure drop required to meet the Q/ITD limit, then the 
humidity would be lower than desired and the stack may be damaged. 

SUMMARY OF THE INVENTION 

[0020] In accordance with the teachings of the present invention, a 

fuel cell system is disclosed that employs a discrete two-position valve at the 
cathode exhaust gas output for controlling the pressure within the fuel cell stack. 
In one embodiment, the discrete valve is switchable between a fully open and a 
fully closed position, where the fully open position is used when the fuel cell 
system is operating at a low operation temperature and the fully closed position 
is used when the fuel cell stack is operating at a high operation temperature. A 
fixed restriction valve is provided in parallel with the discrete valve so that when 
the discrete valve is closed, the proper amount of back-pressure is provided at 
the cathode output to meet the relative humidity requirements. 

[0021] In another embodiment, the discrete two-position valve 
employs sized leak paths so that when the discrete valve is in the closed 
position, some of the cathode exhaust gas can still flow through under high 
pressure. In this embodiment, the fixed restriction valve is not necessary. 

[0022] Additional advantages and features of the present invention 
will become apparent from the following description and appended claims, taken 
in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0023] Figure 1 is a graph with cathode input air flow on the 

horizontal axis and compressor pressure on the vertical axis showing the flow 

and pressure relationship for a fuel cell system employing passive back-pressure 

control using two different fixed orifices; 

[0024] Figure 2 is a graph with cathode input air flow on the 

horizontal axis and compressor pressure on the vertical axis showing the flow 
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and pressure relationship for a fuel cell system employing active back-pressure 
control using a high resolution control valve; 

[0025] Figure 3 is a graph with cathode input air flow on the 
horizontal axis and back-pressure valve pressure drop on the vertical axis for a 
sharp edge fixed area orifice valve and a constant Q/ITD high resolution back- 
pressure valve; 

[0026] Figure 4 is a block diagram of a fuel cell system employing a 

discrete two-position valve in parallel with a fixed orifice valve for controlling 
cathode exhaust gas pressure and stack relative humidity, according to an 
embodiment of the present invention; 

[0027] Figure 5 is a graph with cathode input air flow on the 
horizontal axis and compressor pressure on the vertical axis showing the flow 
and pressure relationship for the fuel cell system shown in figure 4; and 

[0028] Figure 6 is a block diagram of a fuel cell system employing a 
discrete two-position valve including sized leak paths for controlling the cathode 
exhaust gas pressure and stack relative humidity, according to another 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE EMBODIMENTS 
[0029] The following discussion of the embodiments of the invention 
directed to a fuel cell system employing a discrete two-position cathode exhaust 
gas valve is merely exemplary in nature, and is in no way intended to limit the 
invention or its applications or uses. 

[0030] Figure 4 is a block diagram of a fuel cell system 10 
employing a fuel cell power module (FCPM) 12 including a fuel cell stack, 
according to an embodiment of the present invention. The system 10 includes a 
compressor 14 that receives an inlet air flow, and compresses the air to a 
pressure suitable to drive the appropriate amount of air through the FCPM 12 to 
meet the power output of the system 10. The FCPM 12 can be any suitable 
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FCPM for a fuel cell system as discussed herein, and its description is not 
necessary for a proper understanding of the invention. 

[0031] The FCPM 12 outputs a cathode exhaust gas on an output 
line 16. The cathode exhaust gas is applied to a discrete two-position valve 18 
and a fixed valve 20 that are in parallel. When the discrete valve 18 is open, the 
pressure drop at the cathode exhaust gas output will be as low as possible for 
the system 10, where the exhaust gas can flow through both the valves 18 and 
20. When the valve 18 is closed, a greater pressure drop will occur across the 
orifice of the fixed valve 20. The orifice in the fixed valve 20 is sized for the 
maximum required pressure drop at maximum flow and operating temperature so 
that the system pressure will allow the system 10 to meet the necessary relative 
humidity requirements at high temperature operation. A controller 22 provides a 
control signal to open or close the valve 18 at the appropriate time depending on 
system parameters, including system operating temperature. 

[0032] As discussed herein, the discrete valve 18 is a two-position 
valve. In one embodiment, one position is a fully open position and the other 
position is a fully closed position. In another embodiment, one position is a fully 
open position and the other position is a mostly closed position providing a 
minimal flow therethrough. However, the discrete valve 18 is not a sophisticated, 
multi-positional control valve as was used in the prior art that has many valve 
positions between the fully open position and the fully closed position. 

[0033] The majority of time, the fuel cell system 10 will operate at 
low temperature, and therefore will require low back-pressure. In this mode, the 
discrete valve 18 will be in the open position. As the system load increases, 
thermal management sub-systems (system coolant) will become saturated with 
low-grade waste heat. The fuel cell system 10 will be able to reject the required 
amount of waste heat through the thermal sub-system at the low operating 
temperature. Once the fuel cell stack saturates the thermal sub-system, the 
temperature of the fuel cell stack will rise. When the system temperature rises 
above the point where the desired stack relative humidity can no longer be 
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achieved without using system back-pressure, the controller 22 closes the 
discrete valve 18. This will force the cathode exhaust gas through the fixed valve 
20, causing the fuel cell pressure to rise to a level where it will meet the relative 
humidity requirements. 

[0034] Figure 5 is a graph with cathode input air flow on the 
horizontal axis and required compressor pressure on the vertical axis showing 
control curves for both the discrete valve 18 and the fixed valve 20. Particularly, 
when the system 10 is operating at low temperature and the valve 18 is open, the 
compressor pressure will follow graph line 26 as the current output increases. In 
this low-temperature mode, the operating temperature of the system 10 will 
eventually reach a temperature where the radiator can no longer remove the 
waste heat so that the system operates at the desired temperature. At that time, 
the controller 22 will close the discrete valve 18, and the system 10 will switch to 
the high-temperature mode where the pressure is increased to provide the 
desired relative humidity at the higher operating temperature, as represented by 
graph line 28. 

[0035] The controller 22 includes suitable software that prevents the 
discrete valve 18 from cycling in an unstable manner when the system 10 
reaches the temperature that will cause the valve 18 to close. Particularly, when 
the controller 22 provides a valve control signal to switch the valve 18, the 
controller 22 will wait at least some predetermined period of time to allow the 
system to stabilize before switching the valve 18 to the previous valve position. 
The switch point for the valve 18 should have this small hysteresis built into the 
control. For example, if the thermal sub-system limit is determined by the speed 
of the radiator fan, then the valve 18 can close at 98% of full rated fan speed. 
The valve 18 could open based on 95% of the full rated fan speed. This prevents 
the valve 18 from opening and shutting rapidly while the system 10 sits at the 
transition point. 

[0036] Figure 6 is a block diagram of a fuel cell system 32 similar to 
the fuel cell system 10 discussed above, where like elements are identified by 
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the same reference number, according to another embodiment of the present 
invention. In this embodiment, the valves 18 and 20 have been replaced by a 
single valve 34 that also is a discrete two-position valve, but provides flow in the 
closed or high-pressure position. When the controller 22 senses that the 
operating temperature of the FCPM 12 is at a predetermined temperature, and 
the pressure of the FCPM 12 must be raised to satisfy the desired relative 
humidity, the controller 22 provides a signal to close the valve 34. However, the 
valve 34 still includes specifically sized flow-through orifices that allows the 
cathode exhaust gas to flow therethrough under high-pressure in the same 
manner as the fixed valve 20. 

[0037] Because the electrodes in the fuel cell stack of the FCPM 12 
do not like abrupt pressure changes, the valves 18 and 34 are opened and 
closed slowly by the controller 22 to prevent quick pressure changes within the 
FCPM 12. If the valves 18 and 34 move too rapidly, the disturbance to the 
system 10 may cause air control errors or high delta pressures between the 
cathode and anode sides of the stack membrane. A valve with a 500 ms 
transition time makes the system control more accurate. The valves 1 8 and 34 
could include a dash-pot that is mechanically built into the valve 18 or 34, or the 
transition could be performed electrically. If electrical, the solenoid of the valves 
18 or 34 could be made with a high inductance, slowing the valve down when the 
controller's discrete output driver switches. This also helps reduce the 
electromagnetic compatibility of the systems 10 and 32 by lowering di/dt. 

[0038] The use of the two-position valves 18 and 34 has significant 
advantages over the high-resolution valves employed in the prior art. 
Particularly, a discrete solenoid valve costs considerably less than an analog 
motor; a discrete output driver costs considerable less than an analog driver; a 
discrete valve eliminates the need for a positioned feedback on the valve; a 
discrete valve requires lower machine tolerances, making it cheaper to 
manufacture; and a discrete valve eliminates the need for a stack output cathode 
pressure sensor. 
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[0039] The use of the discrete valves 18 and 34 also provides 
improved performance over the active back-pressure systems. Particularly, the 
discrete system has reduced actuator power requirements because the valve no 
longer needs to fail in the open position. Because fuel cells must vent to 
atmosphere at shut down, the valves 18 and 34 can fail in the closed position 
and still vent the system. Further, the discrete system has more designed 
flexibility because it doesn't necessarily require a fail open spring. Also, the 
discrete system may have more tolerance to freezing because the valve doesn't 
need a completely closed seal that can get stuck shut from icing. 

[0040] The present invention also has a lower system cost relative 
to a fuel cell system having a back-pressure orifice. Particularly, the present 
invention provides reduced compressor motor power, therefore reducing the 
motor and controller size and cost. 

[0041] The foregoing discussion discloses and describes merely 
exemplary embodiments of the present invention. One skilled in the art will 
readily recognize from such discussion and from the accompanying drawings 
and claims that various changes, modifications and variations can be made 
therein without departing from the spirit and scope of the invention as defined in 
the following claims. 



